The single copy Drosophila a-actinin gene is alternatively spliced to generate three different isoforms that are expressed in larval muscle, adult muscle and non-muscle cells, respectively. We have generated novel a-actinin alleles, which specifically remove the non-muscle isoform. Homozygous mutant flies are viable and fertile with no obvious defects. Using a monoclonal antibody that recognizes all three splice variants, we compared a-actinin distribution in wild type and mutant embryos and ovaries. We found that non-muscle a-actinin was present in young embryos and in the embryonic central nervous system. In ovaries, non-muscle a-actinin was localized in the nurse cell subcortical cytoskeleton, cytoplasmic actin cables and ring canals. In the mutant, a-actinin expression remained in muscle tissues, but also in a subpopulation of epithelial cells in both embryos and ovaries. This suggests that various populations of non-muscle cells regulate a-actinin expression in different ways. We also show that ectopically expressed adult muscle-specific a-actinin localizes to all F-actin containing structures in the nurse cells in the absence of endogenous non-muscle a-actinin.
Introduction
Organization of individual actin filaments into higher order structures and their mechanical properties is controlled by actin bundling and cross-linking proteins. The actin-rich cell cortex is stabilized by networks of actin filaments, and ordered bundles of F-actin provide a stable scaffold of certain highly specialized cell types. In various cell biological processes such as cell migration, cytokinesis and cell shape transformations, the cross-links must be rearranged in an orderly fashion, which requires precise regulation of the actin-binding activities. Actin crosslinking or bundling proteins of several families, such as fascins, filamins and the spectrin superfamily, contribute to the final cellular architecture involved in these processes.
a-actinin is an evolutionarily ancient member of the spectrin superfamily of proteins. Other members are b-spectrin, dystrophin and utrophin, which all share a conserved actin binding domain (Djinovic '-Carugo et al., 2002) . The a-actinin monomer consists of an N-terminal actin binding domain with two calponin homology domains, four central spectrin-like repeats and a C-terminal calmodulin-like domain containing two EF-hand Ca 2þ -binding motifs. Two a-actinin monomers dimerize via the central repeats, forming an antiparallel rod-shaped molecule with an actin binding domain at either end (Djinovic '-Carugo et al., 1999) . a-actinin exists as different isoforms with distinct roles in an organism. In skeletal and cardiac muscles, a-actinin is a major component of the Z-disc, where it cross-links actin filaments from adjacent sarcomeres (reviewed in Clark et al., 2002) . In non-muscle cells, a-actinin is found in various F-actin containing structures, where it is involved in organizing actin filaments into bundles or networks (Lazarides and Burridge, 1975) . a-actinin is also associated with focal adhesions and cellcell contacts, where it links the actin cytoskeleton to the membrane via a large number of cytoskeletal proteins and cell surface receptors. Moreover, a-actinin interacts with several signalling molecules, suggesting an additional role as a scaffold bringing interacting proteins together (reviewed by Otey and Carpen, 2004) .
Several vertebrate a-actinin isoforms encoded by separate genes have been characterized, which are differentially expressed in striated muscle, smooth muscle or nonmuscle cells (Beggs et al., 1992; Parr et al., 1992; Waites et al., 1992; Imamura et al., 1994; Honda et al., 1998) . The muscle and non-muscle isoforms differ in the calcium binding capacity of their EF-hand motifs, which are nonfunctional in the muscle isoforms, rendering them insensitive to Ca 2þ . In contrast, the F-actin binding activity of the non-muscle isoforms is inhibited by Ca 2þ -binding (Burridge and Feramisco, 1981; Waites et al., 1992) .
Drosophila and vertebrate a-actinins show nearly 70% identity on the amino acid level. In contrast to vertebrates, Drosophila sarcomeric and non-muscle a-actinins are encoded by a single gene (Fyrberg et al., 1990) . Alternative splicing generates three isoforms, which are specific for larval supercontractile muscles, adult fibrillar and tubular muscles and non-muscle cells, respectively (Roulier et al., 1992) . In the coding area, a region between the actin binding domain and the first central repeat is encoded by different exons in the non-muscle isoform compared to the two muscle variants. The two muscle-specific transcripts differ in their use of splice donor site in the alternatively spliced exon, the larval splice site being located downstream of that utilized in adult muscles. All three isoforms have identical C-terminal EF-hands (Roulier et al., 1992) , which do not bind Ca 2þ in vitro (Dubreuil et al., 1991) . a-actinin null mutants lack all isoforms, and are larval lethal due to muscular degeneration (Fyrberg, E. et al., 1990; Fyrberg, C. et al., 1998) . The lethality can be rescued by ubiquitous expression of the adult muscle-specific isoform (Dubreuil and Wang, 2000) . Point mutations in the gene give rise to abnormal proteins that result in flightless adults (Roulier et al., 1992) . None of these mutants have been shown to display any defects in tissues other than muscles (Roulier et al., 1992; Fyrberg et al., 1998) .
Drosophila ovaries have proven to be an excellent model system for studies on the actin cytoskeleton (reviewed in Hudson and Cooley, 2002a) . One ovary is composed of , 15 parallel ovarioles, containing egg chambers of increasing maturity linked to one another. Each egg chamber consists of one oocyte and fifteen nurse cells, all originating from a single germline stem cell division event, surrounded by a layer of somatic follicle cells. The mitoses following the stem cell division are incomplete, resulting in a cluster of sixteen interconnected cells. The arrested cleavage furrows develop into ring canals, which are stable structures containing filamentous actin and several accessory actin-binding proteins. During egg chamber maturation, the nurse cells synthesize mRNAs and cytoplasmic components and transport them into the oocyte through the ring canals. The final stages of oogenesis are characterized by a rapid transport of the nurse cell cytoplasm into the oocyte. This process, called dumping, requires three separate properly functioning actin filament systems; ring canals, cytoplasmic actin filament bundles and a subcortical actin-myosin contractile force-generating system. Defects in any of these result in incomplete cytoplasm transfer, which causes sterility. When dumping is completed, the nurse cell remnants are removed through apoptosis, and the eggshell is secreted by the follicle cells.
In order to study the developmental role of Drosophila non-muscle a-actinin, we have generated novel alleles, which specifically remove this isoform. We show that a-actinin is ubiquitously expressed in wild type embryos. Ovaries show a-actinin localization in the nurse cell subcortical cytoskeleton, actin cables and ring canals. Mutant embryos retain only certain staining patterns, and mutant nurse cells lack a-actinin. However, mutant flies are normal and fertile with obviously normal ovaries, showing that non-muscle a-actinin is not essential in Drosophila.
Results

Isolation of a non-muscle specific a-actinin mutant
The homozygous viable WG1118 enhancer trap line was originally identified in a collection of strains showing lacZ expression in the ovarian germline. Determination of the P-element insertion site showed that the P-element was integrated in the first untranslated exon of the a-actinin gene (Actn) (position 276745 in NCBI Accession AE003422) (Fig. 1A) . This exon is utilized in the transcript encoding the non-muscle isoform only (Roulier et al., 1992) , and is separated from the rest of the a-actinin gene by a large intron, in which the gene ultraspiracle (usp) is located (Oro et al., 1990 ). An excision mutagenesis generated two lines, Actn D208 and Actn D233 , that carry deletions extending downstream from the P-element insertion site. The breakpoint in Actn D208 mapped within the usp gene, which probably is the cause of lethality in this line. Sequencing of the viable Actn D233 line across the original P-element insertion site showed that 793 nucleotides were deleted (276734-275942 in AE003422). This deletion disrupts the first untranslated exon of non-muscle a-actinin, while leaving usp intact.
Differential expression of non-muscle and muscle-specific isoforms of a-actinin during development
In order to distinguish between the non-muscle and muscle transcripts in Northern blots, the two differently spliced coding exons were PCR-amplified from genomic DNA and used as probes in hybridizations to total RNA isolated from all developmental stages of wild type flies and from homozygous Actn D233 embryos (Fig. 1B) . Both probes detected a transcript of approximately 3.8 kb in all stages. The mRNA detected with the muscle-specific probe was abundant in larvae, pupae and adults, while moderate levels were seen in embryos. The non-muscle transcript showed moderate expression levels in young embryos, low levels in older embryos and females, and was barely detectable in larval and pupal stages and in males. Actn D233 embryos did not show any signal with the non-muscle probe, while a transcript of the same size as in wild type animals was clearly detected with the muscle-specific probe.
To further study the expression of a-actinin, wild type and Actn D233 mutant embryos were collected and stained with the monoclonal antibody MAC276 (Lakey et al., 1990) . This antibody detects all three a-actinin variants in Western blots (Roulier et al., 1992) . In wild type embryos, anti-a-actinin showed ubiquitous staining in all stages ( Fig. 2A,C,G,I ). Syncytial blastoderm embryos stained heavily ( Fig. 2A) , indicating a strong maternal contribution of a-actinin. In contrast, young Actn D233 embryos showed very weak or no staining with anti-a-actinin (Fig. 2B ). This confirms that non-muscle a-actinin is the only, or at least the predominant, isoform present in young embryos, and that this isoform is missing in the deletion mutant Actn D233 . The first anti-a-actinin staining pattern emerging in the mutant was in the stage 12 midgut visceral mesoderm (Fig. 2D) . Starting from stage 13, epidermal cells in the anterior part of each abdominal segment stained strongly, resulting in a pattern consisting of eight stripes on the ventral side of the embryo (Fig. 2E,F) . These stripes correlate with the future location of the denticle belts in the larval cuticle. During dorsal closure at stage 14-15, strong staining was observed in developing muscles, and in the final stages of embryogenesis the somatic musculature was clearly visualized both in wild type (Fig. 2I) and mutant (Fig. 2J) embryos.
In wild type embryos, the staining was strong throughout the embryo starting from the very early stage of embryogenesis. The specific staining patterns seen in mutant embryos were obscured by the ubiquitous high levels of a-actinin. However, in contrast to mutant embryos, The open reading frames of the Actn and ultraspiracle genes are shown as gray boxes, untranslated exons as white. Splicing of the muscle variants of Actn is shown below the exons, common and non-muscle splicing above. NCBI accession numbers for Actn sequences are X51753, AA696880, AY069615 and BI631465, and for usp NM_057433.2 and BI213172. The location of the first exon of the muscle splice variants is deduced from the image in Fyrberg et al. (1998) , since no sequence data is available for this exon. The insertion site for P-element WG1118 is marked with a triangle. Only restriction sites relevant for mapping of the deletions (shown with lines) in the strains Actn D208 and Actn D233 are shown. The exact break points in Actn D208 have not been determined (dotted lines). (B) A Northern blot hybridized with probes that distinguish between non-muscle and muscle a-actinin transcripts (black boxes in A). Actn D233 embryos (lane 1) contain muscle-specific a-actinin mRNA, while expression of non-muscle a-actinin is lost. The 6-12 h wild type sample (lane 4) contains half the amount of RNA loaded in the other lanes. The blot was hybridized with a rp49 probe for loading control.
the axonal processes of the ventral nerve cord and in the brain were clearly outlined with the anti-a-actinin antibody (Fig. 2G ). This staining pattern was completely missing in Actn D233 mutant embryos (Fig. 2H ), indicating that nonmuscle a-actinin is the only isoform present in the central nervous system. However, no differences were detected between wild type and Actn D233 mutant embryos in the organization of the axonal processes, as revealed by staining with the axonal marker BP102, indicating that a-actinin is not required for the formation of this structure (data not shown).
2.3. The non-muscle a-actinin isoform localizes to ring canals and actin bundles in ovarian nurse cells Next, we examined the localization of a-actinin in the ovary. Using our standard antibody staining protocol, only weak and diffuse staining could be detected throughout the ovariole (not shown). It has been shown that certain antibodies generated against a-actinin do not detect the protein in fixed cells due to antigenic masking (Peränen et al., 1993; Pavalko et al., 1995) . Therefore, we introduced a denaturation step using guanidine hydrochloride (GdnHCl) (Peränen et al., 1993) . Although phalloidin staining does not work following GdnHCl treatment, we found that this method is suitable for staining of Drosophila ovaries with anti-a-actinin and other antibodies (our unpublished data). GdnHCl denaturation revealed specific staining patterns in the egg chamber, in addition to the diffuse cytoplasmic signal. In younger egg chambers, a-actinin staining was enriched at the oocyte cortex (Fig. 3A, closed arrow) and at the apical surface of the follicle cells (Fig. 3A, open arrow) . Nurse cell membranes were weakly labelled, and occasionally some ring canals were seen (Fig. 3A, arrowhead) . Starting from stage 10, the nurse cell membranes were clearly outlined (Fig. 3B , open arrow), and ring canals were more frequently stained than in earlier stages (Fig. 3B , closed arrow). The ring canals generally had a diffuse appearance, but some canals clearly contained a distinct ring inside the diffuse outer ring (Fig. 5A ). This pattern is similar to the one obtained with phalloidin staining of F-actin, which reveals the distinct inner rim of the ring canal and also the surrounding subcortical F-actin ( Fig. 6C ; Warn et al., 1985; Tilney et al., 1996) . Faint anti-a-actinin signal was occasionally seen along the cytoplasmic actin filament bundles (Fig. 3C ). The somatic follicle cells covering the oocyte also stained strongly (Fig. 3D ). The ring canal staining persisted to late stage 13 (Fig. 3E , open arrows), when also the thick F-actin bundles that surround and traverse the degenerating nurse cell nuclei were visualized (Fig. 3E , closed arrow). The detectability of the staining patterns described above varied between ovarioles and experiments, indicating that some degree of antigenic masking remains despite the GdnHCl treatment.
Ovaries from Actn
D233
/Actn D208 flies stained with the anti-a-actinin antibody never showed staining in the nurse cell subcortical cytoskeleton, ring canals or actin bundles (Fig. 3F ). In contrast, the somatic follicle cells from stage 10 onwards were readily stained (Fig. 3G ). Also the squamous follicle cells covering the nurse cells occasionally showed some granular staining (Fig. 3F) . Interestingly, in young egg chambers, the polar cells were detected (Fig. 3H, arrows) , while all other somatic cells remained negative. The same result was obtained when Actn D233 /Actn 8 transheterozygotes were examined (data not shown). We also stained ovaries from Actn D233 /usp 2 (ultraspiracle) transheterozygotes, which are fully viable. The usp 2 chromosome has a fragment from the third chromosome inserted in the coding sequence of usp (Oro et al., 1990; Schubiger and Truman, 2000) , the region which also constitutes the first intron of the non-muscle a-actinin transcript. This insertion also disrupts transcription of non-muscle a-actinin, as no staining was observed in nurse cells from these flies, while the same set of follicle cells stained positive with the anti-a-actinin antibody as in Actn D233 /Actn D208 ovaries ( Fig. 3I ). This result shows that usp 2 in fact is doubly mutant for both usp and non-muscle a-actinin.
Similarly to embryonic denticle belt precursors, certain ovarian follicle cells were also detected with anti-a-actinin in the mutant. To rule out the possibility that the staining was due to cross-reaction of the antibody with some related protein, we generated clones of mutant cells in the follicular epithelium using two different null alleles, Actn 8 and Actn 14 . Clones of Actn mutant cells were identified based on the absence of nuclear Myc-staining (Fig. 3J 0 ). These cells also lacked anti-a-actinin staining (Fig. 3J) , proving that the protein detected in the somatic follicle cells is a-actinin. Taken together, our data suggest that non-muscle a-actinin is specifically expressed in all F-actin containing structures in ovarian nurse cells, while the somatic follicle cells either express a muscle-specific a-actinin isoform or non-muscle a-actinin translated from a second transcript, which is yet to be identified.
Three a-actinin isoforms are expressed in ovaries
To further characterize the a-actinin isoforms expressed in ovaries, we performed RT-PCR on total RNA isolated from wild type and Actn D233 mutant ovaries (Fig. 4) . For comparison, Actn 3 and Actn þ ; B22/þ ovaries were also examined. In the viable but flightless Actn 3 mutant, a point mutation destroys the splice donor site utilized in the adult muscle-specific transcript, and only larval muscle-specific a-actinin is produced (Roulier et al., 1992) . In the transgenic line B22, adult muscle-specific a-actinin is expressed under the ubiquitin promoter (Dubreuil and Wang, 2000) . The muscular oviduct was included in the preparations, thus at least one muscle-specific isoform is expected to be expressed in addition to non-muscle a-actinin. The results showed that in wild type ovaries, all three a-actinin isoforms are expressed. The adult muscle-specific isoform is missing in Actn 3 ovaries as expected, while it is very strongly expressed in B22 ovaries. All three isoforms were also detected in Actn D233 ovaries. The corresponding genomic fragment derived from traces of DNA present in the RNA sample was always co-amplified with the smaller non-muscle cDNA fragment in the Actn D233 mutant, reflecting the low relative amount of the specific cDNA. The genomic fragment was amplified in the other ovarian samples only when reverse transcriptase had been omitted from the RT-reaction.
a-actinin is localized in the ring canal inner rim
The ring canal is made up of two distinct layers, an outer rim of electron dense material attached to the plasma membrane and an inner rim consisting of actin filament bundles (Warn et al., 1985; Tilney et al., 1996) . The outer rim forms immediately on the arrested cleavage furrows between cystocytes during the four mitoses in the germarium, when anillin, mucin-D and a phosphotyrosine containing protein become deposited on the plasma membrane (Robinson et al., 1994; Field and Alberts, 1995; de Cuevas and Spradling, 1998; Kramerova and Kramerov, 1999) . As the cystocyte divisions are completed, F-actin, a product encoded by the hu-li-tai-shao gene (hts-RC) and filamin, encoded by cheerio (cher), are assembled into an inner rim (Warn et al., 1985; Robinson et al., 1994; Li et al., 1999; Sokol and Cooley, 1999) . Kelch is added slightly later (Xue and Cooley, 1993) . Concomitantly with egg chamber maturation, the ring canal diameter increases 10-fold, from 1 to 10 mm. It has been proposed that ring canal expansion takes place first via polymerization of new actin filaments and then by sliding of existing bundles within the ring canal (Tilney et al., 1996; Hudson and Cooley, 2002b; Kelso et al., 2002) . During stage 13, the ring canals are gradually lost.
The ring canals can be visualized throughout oogenesis using a monoclonal antibody against hts-RC, which specifically stains the inner rim (Robinson et al., 1994) . Simultaneous staining of a-actinin and hts-RC showed that in wild type stage 10 egg chambers, the diffuse a-actinin ring is located outside the ring canal, while a-actinin in the inner distinct ring co-localizes with hts-RC (Fig. 5 A -A  00 ). During stage 13 many ring canals stained positive for both a-actinin and hts-RC, but frequently only a-actinin or only hts-RC could be visualized (not shown). The co-localization of a-actinin and hts-RC in stage 10 ring canals suggests that a-actinin is present in the inner rim. On the other hand, lack of hts-RC on some stage 13 ring canals containing a-actinin implies that these rings are not equal to inner rims. To further gain insight into the a-actinin localization in the ring canal, we made use of some mutants with different types of ring canal defects. , Actn 3 , B22 and w 1118 ovaries transcribed with an oligo(dT) primer was subjected to PCR using a sense primer specific for the non-muscle internal exon (left panel) or the muscle-specific exon (middle panel). As control, a 398 bp rp49 fragment was amplified (right panel). Left panel: The expected 266 bp non-muscle specific fragment was amplified in all samples. The 966 bp genomic fragment (*) was also amplified from reverse transcribed Actn D233 RNA. Lane 5 shows amplification of the genomic fragment in a sample where no reverse transcriptase was added to the RT-reaction. Middle panel: Both the 266 bp adult muscle-specific fragment (lower band) and the 332 bp larval muscle-specific fragment (upper band) were amplified in Actn D233 and w
1118
. Actn 3 lacked the adult muscle-specific fragment, and in addition to the larval muscle-specific fragment, a ,420 bp fragment was amplified (arrow). This product might represent a transcript containing the larval muscle exon and the non-muscle exon spliced together, with a calculated size of 418 bp. The larval musclespecific fragment remained undetected in the B22 sample.
The role of kelch in the ring canal is to form reversible crosslinks between actin filaments. In kel mutant ring canals, the actin bundles become disorganized, obstructing the lumen of the canal (Tilney et al., 1996; Kelso et al., 2002) . Ring canals in late stage kel DE1 mutant egg chambers were clearly visualized with anti-a-actinin (Fig. 5B-B 00 ). In double labellings with anti-a-actinin and anti-hts-RC, we noticed that like in wild type stage 13, not all ring canals were a-actinin positive (closed arrow). However, many strongly staining ring canals clearly contained a-actinin together with hts-RC within the lumen of the canal (open arrow and enlarged inset), indicating that a-actinin is component of the inner rim.
Filamin (encoded by cheerio) is required for initial F-actin accumulation on the ring canals, and in its absence no inner rim is formed (Robinson et al., 1997; Li et al., 1999) . Absence of an inner rim results in rudimentary ring canals, in which the outer rim can be visualized with an antiphosphotyrosine antibody (PY20). Double stainings of cher sko mutant egg chambers with anti-a-actinin and PY20 showed that the tiny ring canals lack a-actinin ( Fig. 5C -C  00 ) . Still, some a-actinin positive material often remained associated with the ring canals, and was often seen running through the lumen of the canal (arrow). cher sko egg chambers stained with PY20 and phalloidin revealed a similar staining pattern, with PY20-positive ring canal remnants traversed by clumps of F-actin (not shown). Since no inner rim is formed in cher mutants, this F-actin, which also contains a-actinin, might be a remnant from the subcortical F-actin ring that surrounds the ring canal in wild type egg chambers. This result shows that a-actinin is not localized in the outer rim, and further supports the conclusion that a-actinin is an inner rim component.
2.6. a-actinin is not an essential component of nurse cell F-actin structures Actn D233 /Actn D208 females have apparently normal fecundity, indicating that oogenesis proceeds normally in the absence of non-muscle a-actinin. Accordingly, the overall ovarian morphology is normal (Fig. 6A, B) . Neither did we detect any apparent defects in egg morphology, indicating that dumping had proceeded normally, and that a normal egg shell had been secreted by the follicle cells (not shown). The nurse cell F-actin structures also appeared normal in the mutant. At stage 10A wild type and mutant ring canals are surrounded by diffuse F-actin rings (Fig. 6C,  D) , and in stage 10B cytoplasmic actin bundles develop normally (Fig. 6E, F) . Mutant ring canals also displayed the typical tire rim shape revealed by the anti-hts-RC antibody (Fig. 6G, H) . These results show that non-muscle a-actinin is not required for the generation or function of specific F-actin containing structures in ovarian nurse cells.
We also investigated the possibility that removal of nonmuscle a-actinin in females mutant for a second F-actin binding protein would reveal some specific requirement for were examined (Fig. 7) . The results showed that dumpless eggs develop in all four double mutant combinations (not shown). Ring canal morphology was examined in kel
DE1
and cher sko double mutants, and was concluded to be similar to the corresponding single mutants (Fig. 7A, B homozygous egg chambers (Fig. 7C, D) . Collapsed ring canals were frequently seen in both qua 1 single and double mutant egg chambers, and both completely lacked actin bundles (Fig. 7G, H) . Ovaries from flies carrying one wild type and one mutant allele in the Actn D233 /Actn D208 background were also examined, but no significant defects were observed (data not shown). Thus, no genetic interactions involving non-muscle a-actinin were detected.
Ectopic adult muscle-specific a-actinin localizes to all F-actin containing structures in the nurse cells
It has been shown that vertebrate sarcomeric a-actinin co-localizes with the non-muscle isoform when ectopically expressed in non-muscle cells (Tokuue et al., 1991) . To test whether this is the case with Drosophila a-actinin as well, we utilized the transgenic B22 line expressing adult musclespecific a-actinin (Dubreuil and Wang, 2000) . Ovaries from females carrying one copy of the transgene in wild type background showed strong staining of the outer surface of the egg chambers, resulting from the increased a-actinin expression level. The subcortical cytoskeleton and ring canals were visible in stage 10 egg chambers, although not significantly stronger than in wild type ovaries (Fig. 8A) . To test whether adult muscle-specific a-actinin was able to localize correctly in nurse cells also in the absence of endogenous non-muscle a-actinin, the transgene was crossed into the Actn D233 /Actn D208 mutant background. Ovaries from the resulting females were dissected and stained with the anti-a-actinin antibody. The nurse cells now showed staining of the subcortical cytoskeleton, cytoplasmic actin bundles and ring canals in a pattern indistinguishable from wild type flies (Fig. 8B ). This result thus shows that adult muscle-specific a-actinin can localize to nurse cell F-actin structures normally containing the non-muscle isoform.
Discussion
a-actinin is widely expressed in non-muscle cells, where it modulates both cell adhesion and migration. Its role in higher eukaryotes has mainly been examined using cultured cells, through manipulation of expression levels or introduction of truncated molecules. Such studies have revealed that a-actinin is needed for stress fibre maintenance and that it is involved in regulating focal adhesion disassembly (Otey and Carpen, 2004) . Our study is the first in which the effect of missing non-muscle a-actinin has been evaluated on the level of a whole organism.
Actn
D233 is a novel non-muscle specific a-actinin mutant
In Drosophila, three a-actinin isoforms have been identified, that are transcribed from a single gene through alternative splicing. The first exon of the gene is utilized only in the non-muscle transcript (Roulier et al., 1992) . In the novel mutant Actn D233 , a deletion removes the 3 0 part of this exon, which most likely interferes with normal splicing of the non-muscle a-actinin mRNA. According to our results from antibody stainings, the expression of non-muscle a-actinin is completely blocked in many tissues. However, RT-PCR analysis showed that spliced mRNA containing the internal non-muscle exon is still produced in the mutant. Since the non-muscle transcription start site is not missing, a low level of spliced mRNA might still be produced. It is also possible that a still unidentified second promoter for non-muscle a-actinin exists.
Previously characterized Drosophila a-actinin mutants have revealed defects in muscle tissues only (Fyrberg et al., 1990; Roulier et al., 1992; Fyrberg et al., 1998) . Null mutant 
/Actn
D208 mutant background restores a-actinin localization to the subcortical cytoskeleton, ring canals and cytoplasmic actin bundles (compare with Fig. 3F ). Scale bar 20 mm.
larvae derived from germline clones hatch (Perrimon et al., 1985) , and null mutant clones in the adult eye were normal (Fyrberg et al., 1998) . There are no reports on the behaviour of null mutant cells in other adult tissues. Ectopically expressed adult muscle-specific a-actinin can rescue the lethality of null mutant animals, which indicates that there are no specific requirements for the non-muscle a-actinin isoform during development (Dubreuil and Wang, 2000) . However, in this study we have shown that adult musclespecific a-actinin can localize to sites which normally contain the non-muscle isoform. Thus, the rescue of the null mutants might have been achieved with adult musclespecific a-actinin replacing the non-muscle isoform in certain tissues. Our results show that some tissues in the viable Actn D233 line lack detectable levels of a-actinin, thus confirming that non-muscle a-actinin is indeed dispensable for the fly.
Comparison of a-actinin expression patterns in embryos and ovaries of wild type and mutant animals
The antibodies that have been used to detect a-actinin in Drosophila do not distinguish between the three isoforms. In Western blot analyses, only the larval muscle isoform can be reliably identified due to its slightly larger size, the two other isoforms being the same (Vigoreaux et al., 1991; Roulier et al., 1992) . PCR analyses on isolated mRNA using specific primer pairs distinguish between all three isoforms. Such analyses have shown that only non-muscle a-actinin is present in young embryos, while all three isoforms are present in all subsequent stages of development (Roulier et al., 1992) . Our results from the RT-PCR analysis show that also ovaries express all isoforms. Immunolocalization of a-actinin in intact Drosophila tissues has previously been performed on different types of muscles, in which the Z-disc is labelled (Vigoreaux et al., 1991; Dubreuil and Wang, 2000) . To our knowledge, this is the first study in which a-actinin localization has been examined in non-muscle tissues.
In young embryos, staining was absent in the mutant and present in the wild type, indicating that only non-muscle a-actinin is present in early stages. This data confirms the result obtained by Roulier et al. (1992) , who detected only non-muscle a-actinin mRNA in young embryos. Anti-aactinin readily stained the axonal processes in wild type, but not mutant embryos, showing that non-muscle a-actinin is localized in this structure. The first expression pattern emerging in the mutant was in the midgut visceral mesoderm, which later will give rise to the visceral muscles. Slightly later, a few cells in the anterior part of the abdominal segments on the ventral half of the embryo were stained. These cells correspond to the future denticle belts, which develop as actin-rich epithelial structures of ectodermal origin (Dickinson and Thatcher, 1997) .
In wild type ovaries, distinct staining of nurse cell membranes, ring canals and actin cables was seen in stage 10 egg chambers. Actn D233 /Actn D208 nurse cells completely lacked staining, indicating that non-muscle a-actinin is the isoform present in these cells. In contrast, the polar cells and the follicle cells covering the oocyte in stage 10 and later stages still contain high levels of a-actinin. Our results thus indicate that a-actinin expression in denticle belt precursors and ovarian follicle cells is regulated differently than in most other embryonic cells and in ovarian nurse cells. However, the identity of this particular isoform remains unknown. One possibility is that a second non-muscle transcript exists, and that only one of them is missing in Actn D233 . This alternative is supported by the fact that low levels of non-muscle a-actinin mRNA was detected in Actn D233 mutant ovaries. Another possibility is that denticle belt precursors and ovarian follicle cells express a musclespecific a-actinin isoform. Although Drosophila a-actinins are referred to as muscle and non-muscle isoforms, they are not distinguished by different Ca 2þ -binding properties like their vertebrate homologues. Vertebrates have two nonmuscle a-actinin genes, ACTN1 and ACTN4, that are co-expressed in several cancer cell lines and macrophages. It has been shown that these two isoforms are localized at different sites within the cell, and it has been suggested that ACTN4 is involved in cell motility rather than adhesion (Honda et al., 1998; Araki et al., 2000) . There is also evidence that expression of the sarcomeric isoforms is not strictly limited to muscles (Wyszynski et al., 1997; Mills et al., 2001 ). Thus, like in vertebrates, it is quite possible that some Drosophila non-muscle cells also utilize a sarcomeric a-actinin isoform to accomplish certain cellular functions.
Non-muscle a-actinin is localized in the ring canal inner rim
Anti-a-actinin staining of wild type ovaries revealed a-actinin localization in the ring canals. In stage 10 egg chambers, a-actinin is localized both in the inner rim, where it overlaps with hts-RC, and in the diffuse outer subcortical ring surrounding the ring canal. cher sko mutant ring canals, which lack the inner rim, do not contain a-actinin, while in kel DE1 mutants a-actinin could be seen in the lumen of the ring canals. Thus, we conclude that a-actinin is a component of the ring canal inner rim. We were not able to determine the stage at which a-actinin first becomes localized to the inner rim, since the signal was generally very weak in the nurse cells of young egg chambers. In late stage 13 egg chambers we frequently detected ring canals that contained a-actinin, but not hts-RC. Ring canals devoid of hts-RC were occasionally observed also in double stainings using phalloidin and anti-hts-RC, indicating that this phenomenon is not an artifact resulting from the GdnHCl treatment. This suggests that ring canal components are sequentially removed without affecting the stability of the ring canal.
Non-muscle a-actinin localization in the cytoplasmic actin bundles
In vitro, a-actinin can cross-link actin filaments into networks or bundles depending on isoform and experimental conditions, and the actin filaments within the bundle can have either same or opposite polarities (Meyer and Aebi, 1990; Taylor et al., 2000) . In vivo, localization of a-actinin to F-actin bundles of the stress fibre type has been observed in a large variety of cell types and subcellular structures (Lazarides and Burridge, 1975; Fujiwara et al., 1978; Drenckhahn and Wagner, 1986; Drenckhahn and Dermietzel, 1988; Drenckhahn et al., 1991) . In addition to a-actinin, these F-actin bundles typically also contain myosin and tropomyosin. The parallel actin filaments are of opposite polarities, and a sliding mechanism generates contractile force in a manner similar to the mechanism of muscle contraction. Our observation that a-actinin is present in the nurse cell subcortical cytoskeleton and ring canals fits the tendency for a-actinin to associate with contractile bipolar bundles. The filaments in the ring canal actin bundle have mixed polarities, although these rings enlarge rather than contract (Tilney et al., 1996) . The only contractile event in the nurse cells described so far takes place at dumping, when a subcortical actin-myosin contraction involving nonmuscle myosin II provides the force that squeezes the nurse cell cytoplasm into the oocyte (Wheatley et al., 1995) .
The nurse cell actin cables belong to a different type of F-actin bundle, the microvillar type. Here the individual actin filaments all have the same polarity, and they are typically cross-linked by two or three different actinbundling proteins (Guild et al., 1997; Bartles, 2000) . In nurse cell actin cables, cross-linking is performed by quail and fascin (encoded by the singed gene), respectively. If either protein is missing, stable actin bundles do not develop, which results in a dumpless phenotype due to physical blockage of the ring canals by the nurse cell nuclei Mahajan-Miklos and Cooley, 1994) .
In this study, we have shown that non-muscle a-actinin is localized in nurse cell actin cables. Even though Actn D233 /Actn D208 flies lack non-muscle a-actinin in their nurse cells, apparently normal F-actin bundles able to fully support the nuclei during dumping still form. This implies that a-actinin does not play the role of a major bundling protein in the nurse cells. Although a-actinin is a well recognized bundling protein in vitro, there are very few examples of a-actinin being localized in parallel bundles of the microvillar type in vivo. It was shown that the apical filopodia extending from pigment epithelial cells of the chicken retina, which contain an unipolar actin bundle (Owaribe and Eguchi, 1985) , stained positive for a-actinin (Philp and Nachmias, 1985) . A second example is F-actin bundles in spermway stereocilia, where a-actinin was localized to the basal portions of the bundles. It was suggested that in this branching region of the stereocilia, a-actinin is responsible for the cross-links between the core bundles from adjacent stereocilia (Höfer and Drenckhahn, 1996) . It seems that the only well established case where a-actinin plays a major role in the generation of a unipolar actin filament bundle is the Listeria tail (Dold et al., 1994) .
3.5. Muscle-specific a-actinin can localize to sites of non-muscle a-actinin expression Studies on transfected mammalian cells in vitro have shown that both skeletal and smooth muscle a-actinin co-localize with the endogenous protein in non-muscle cells (Jackson et al., 1989; Tokuue et al., 1991) . We have shown that the same is true also for Drosophila sarcomeric a-actinin. The localization of a-actinin at nurse cell membranes, ring canals and cytoplasmic actin bundles was restored in the ovaries of Actn D233 /Actn D208 females expressing adult muscle-specific a-actinin from a transgene. Thus, Drosophila adult muscle-specific a-actinin can spatially replace the non-muscle isoform in vivo.
The non-muscle specific isoform in not essential in Drosophila
In Actn D233 /Actn D208 mutant ovaries, the nurse cell F-actin structures are devoid of detectable a-actinin. Still, the egg chambers display normal growth and morphology, and dumping proceeds normally. The ring canals have the typical tire rim shape, and the network of cytoplasmic actin cables is similar to the wild type. During stage 13 the nurse cells are successfully removed, resulting in an egg with normal morphology. We have not examined nurse cell F-actin structures of germ line clones of a null allele, but the fact that larvae hatch from such eggs strongly suggests that the nurse cells are indeed functional in complete absence of a-actinin (Perrimon et al., 1985; our unpublished results) . We also failed to detect any significant genetic interactions between Actn D233 and singed, quail, kelch or cheerio. Thus, the function of non-muscle a-actinin in the ovarian nurse cells remains elusive due to the lack of a detectable phenotype.
Dictyostelium discoideum a-actinin null mutants have been extensively studied (Rivero et al., 1999; Ponte et al., 2000; and references therein) and also a Schizosaccharomyces pombe mutant lacking a-actinin has been generated (Wu et al., 2001) . When these mutants were cultured under normal laboratory growth conditions, lack of a-actinin did not cause any significant defects. However, when the cells were subjected to certain stress conditions or grown in natural conditions, specific mutant phenotypes could be recognized. Double mutants lacking a second cross-linking protein in addition to a-actinin also exhibited distinct phenotypes. These studies have shown that there is substantial overlap between the functions of different actin cross-linking proteins.
Experimental a-actinin null mutants in other higher eukaryotes than Drosophila have not been reported.
In human populations, a mutation has been identified that generates a premature stop codon in the skeletal musclespecific a-actinin gene ACTN3. Individuals homozygous for this mutation are normal and healthy, showing that ACTN3 is redundant in humans (North et al., 1999) . Recently a mutation in ACTN2, which is expressed in both skeletal and cardiac muscle, was found to cause a hereditary heart condition (Mohapatra et al., 2003) , while point mutations in the cytoskeletal gene ACTN4 causes a human renal disorder (Kaplan et al., 2000) .
In conclusion, there is increasing evidence of substantial redundancy among actin cross-linking proteins. Our results support this notion, and Drosophila non-muscle a-actinin can now be added to the list of cytoskeletal proteins that can be deleted without affecting cellular functions. It remains to be tested whether some stress condition could provoke a detectable phenotype in Actn D233 mutant flies.
Experimental procedures
Fly strains and genetics
Oregon or w 1118 flies were used as wild type controls. The mutant alleles kel DE1 , qua 1 , sn X2 and the a-actinin null alleles Actn 8 and Actn 14 were obtained from Bloomington stock center. Actn 3 was obtained from Umeå stock center. The qua 1 allele was originally present on a chromosome marked with cn, bw and sp. Since this stock produced very few qua 1 homozygotes, it was outcrossed against Oregon to generate a cn qua 1 stock before using it in experiments. The usp 2 line was a gift from Ronald Evans. The cher sko allele is described in Li et al. (1999) . The B22 transgenic line expressing adult muscle-specific a-actinin under the ubiquitin promoter was a gift from Ronald Dubreuil (Dubreuil and Wang, 2000) . The flies were raised on standard food at 25 8C.
Generation of a non-muscle a-actinin mutant
The enhancer trap strain WG1118 that carries pP{lArB} inserted into 2C7, was obtained from Walter Gehring. A genomic clone next to the P-element insertion site was isolated with plasmid rescue and sequenced. To generate new Actn alleles, the P-element was mobilized, and separate balanced lines were established from individuals which had lost the eye colour marker rosy. Genomic DNA isolated from heterozygous flies was digested with various restriction enzymes, separated on agarose gels, blotted and probed with selected genomic fragments. This analysis identified Actn D208 and Actn D233 as two lines carrying deletions extending downstream towards the a-actinin gene. The primers that were used to amplify and sequence genomic DNA across the P-element insertion site in line Actn Aged Actn D233 homozygous females develop severe ovarian defects (our unpublished data). However, this is apparently not due to the deletion or any other mutation in the Actn gene, since similar defects are absent in Actn D233 /Actn D208 and Actn D233 /Actn 8 transheterozygotes. Therefore, Actn D233 /Actn D208 flies were used in all experiments, unless otherwise mentioned. In double mutant experiments a w 1 Actn D233 chromosome was used.
Generation of mutant follicle cell clones
Mutant follicle cell clones were generated using the FLP/FRT technique (Xu and Rubin, 1993) , and for this purpose we created Actn 8 FRT18A and Actn 14 FRT18A recombinant chromosomes. Later we learned that the FRT18A chromosome harbours some unidentified deleterious factor, making it unsuitable for phenotypic analyses of mutant clones (http://flystocks.bio.indiana.edu/ FRT18A-info.htm). Females of the genotype Actn 8 FRT18A/piM10D FRT18A; hsFLP38/þ or Actn 14 FRT18A/piM10D FRT18A; hsFLP38/þ were heatshocked once for 1 h in a 37 8C waterbath to induce mitotic recombination and returned to 25 8C. Three days later they were heatshocked again for 1 h at 37 8C to induce expression of the nuclear Myc-tag. Ovaries were dissected 1.5 h later and stained as described below.
Staining procedures for ovaries
For standard immunostainings, ovaries were dissected in PBS and transferred into 4% paraformaldehyde in PBS on ice. The fixation was then continued for 30 minutes at room temperature. The ovaries were rinsed twice and washed three times 10 min in PBX (PBS, 0.1% Triton X-100), then blocked in PBX, 1% BSA for 2 h. Primary antibody incubations were done over night in PBX, 1% BSA at 4 8C without rotation of the tube. Next day, the ovaries were rinsed twice and washed four times 15 min in the blocking solution, then incubated for two hours with appropriate FITC-or TRITC-conjugated preadsorbed secondary antibodies diluted 1:1000 in the blocking solution. The final washes were done in PBX. If required, the ovaries were stained with 4 U/ml Texas Red-conjugated phalloidin (Molecular Probes) diluted in PBX for 1 hour, then rinsed twice and washed three times 10 minutes. Stainings with phalloidin only were done according to Guild et al. (1997) . The ovaries were mounted in Vectashield (Vector Laboratories Inc.) containing 0.5 mg/ml Hoechst 33258. Preparations were examined using a Bio-Rad Laser Confocal system (MRC 1024) equipped with a Zeiss Axiovert 135 M microscope with a 40 £ water immersion objective (NA 1.2) and controlled by LaserSharp 2000 software (Bio-Rad Laboratories, Inc.). Optical sections were combined using the Confocal Assistant 4.02 program, and images were processed with Adobe w Photoshop w .
The guanidine hydrochloride denaturation step was introduced after the post-fixation washes. The ovaries were rinsed twice in 50 mM Tris -HCl, pH 7.5, then incubated for 20 min in 6 M GdnHCl, 50 mM Tris -HCl, pH 7.5, and finally rinsed twice and washed three times 10 min in PBX before continuing with the blocking step.
The following primary antibodies and dilutions were used: anti-a-actinin MAC276 1:10 (Lakey et al., 1990) , anti-hts-RC 655 4A 1:30 (Robinson et al., 1994) , antiphosphotyrosine PY20 1:1000 (Santa Cruz Biotechnology, Inc.) and anti-c-Myc 9E10 1:800 (Santa Cruz Biotechnology, Inc.).
Immunolocalization in embryos
Embryos were fixed in a mixture of 4% formaldehyde in PEM (100 mM PIPES, pH 7, 1 mM MgCl 2 , 2 mM EGTA) and heptane. Washes were done in PBSBT (PBS, 0.1% Triton X-100, 0.2% BSA) and blocking in PBSBT, 5% normal goat serum. For detection, we used biotinylated secondary antibodies and the Vectastain w ABC Elite kit (Vector Laboratories Inc.). MAC276 was diluted 1:100 and BP102 1:1000 (DSHB Iowa).
Northern hybridizations
Total RNA was isolated using the TRIZOL reagent (Gibco BRL, Life Technologies) according to the manufacturer's instructions. Fifty mg RNA was separated on 1.2% formaldehyde gels, blotted and hybridized according to standard protocols. A probe specific for the a-actinin non-muscle exon was amplified with primers VIP10 (5 0 -TATCTCGA-GATCTCCAGAATACAGCTTTGC) and VIP11(5 0 -ATA-GAGCTCCTTTTGGGCGCCACTGAAGC) and for the muscle-specific exon with primers VIP12 (5 0 -TATGG-TACCTTTGATCAACACTCCGAAACC) and VIP13 (5 0 -ATAGAGCTCCTGTTGAGCTCCCTGGAAGG). The 5 0 -most nine nucleotides were added to facilitate cloning of the amplified fragments.
RT-PCR
Total ovarian RNA was isolated using the RNeasy w Protect Mini Kit (QIAGEN). Two mg of RNA was reverse transcribed in a volume of 20 ml containing 0.3125 mM dNTP, 25 mg/ml oligo(dT) primer (Promega), 1 U/ml rRNasin (Promega), 5 U/ml M-MLV RTase (Promega) and 1 £ M-MLV RT buffer (Promega) at 37 8C for 90 min. The enzyme was inactivated at 95 8C for 10 min. 0.5 ml of the RT-mixture was used as template in a 25 ml PCR-reaction containing 0.2 mM dNTP, 0.4 mM of each primer, 0.025 U/ml HotStartTaq enzyme (QIAGEN), 3.2% DMSO and 1 £ PCR-buffer (QIAGEN). Primers VIP10 and VIP12 were used as sense primers for amplification of the non-muscle and muscle-specific a-actinin fragments, respectively. The anti-sense primer common for both transcripts was 5 0 -CTTCTGCACACCTGCCAGCGAGTT (Roulier et al., 1992) . As control, rp49 was amplified using primers 5 0 -TCCGCCCAGCATACAGGCCCAAGATCGT and 5 0 -TTACTCGTTCTCTTGAGAACGCAGGCG. The initial denaturation/enzyme activation was carried out at 95 8C for 15 min, then PCR cycles were performed as follows: 94 8C 1 min, 55 8C 1 min, 72 8C 1 min for 35 cycles. Five ml of the samples were separated on a 1.5% agarose gel.
